INTRODUCTION
Cold Dark Matter (CDM) simulations of structure formation successfully match observations of both the spatial and mass distribution of super-galaxy scale structure. However, they are less successful at matching observations of structure at smaller scales. For example, these simulations over-predict the number of low mass satellite companions of Milky Way mass halos (Kauffmann et al. 1993; Klypin et al. 1999; Moore et al. 1999; Strigari et al. 2007 ). This discrepancy may demonstrate a fundamental breakdown of the ΛCDM paradigm at small scales, possibly indicating that assumptions about the nature of the CDM particle are incorrect. For instance, DM particles may have higher kinetic energy than expected (e.g. Colín et al. 2000; Schneider et al. 2011; Menci et al. 2012) leading to suppressed fluctuations in the primordial power spectrum at small scales, thereby decreasing the number of present day satellites (e.g. Kamionkowski & Liddle 2000; Zentner & Bullock 2003) . Alternatively, the missing satellite problem may be due to the difficulty of observing very faint satellites due to low star formation efficiency in low mass halos. A variety of baryonic processes can produce suppressed star formation in low mass halos (e.g Thoul & Weinberg 1996; Gnedin 2000; Kaufmann et al. 2008; Macciò et al. 2010; Springel 2010) . However, it is not easy to observationally confirm which processes have the strongest effects, in part due to the small number of faint satellite galaxies studied outside of the Local Group.
In the Local Group, the luminosity function of satellite galaxies has been studied to a faintness of M V = −2 (see Koposov et al. 2008 , and references therein). Outside of the Local Group, measurements have been restricted to brighter satellites. Multiple studies using data from SDSS have measured the luminosity function of satellites at low redshift (Guo et al. 2011a; Liu et al. 2011; Lares et al. 2011; Strigari & Wechsler 2011) . The deepest study by Guo et al. (2011a) , measured the luminosity function reliably for satellites up to 7.5 magnitudes fainter than the hosts, while Strigari & Wechsler (2011) placed upper limits on satellite numbers for satellites up to 10 magnitudes fainter. All of these studies agreed on two main conclusions. The first was that the luminosity function of satellites is dependent on the host luminosity. This is due to the fact that for massive host galaxies, the host stellar mass is believed to be a non-linear function of the host virial mass (e.g. Behroozi et al. 2010; Wake et al. 2011; Leauthaud et al. 2011) . Thus while the number of satellites at a fixed virial mass ratio with the host is expected to be scale invariant (Kravtsov 2010) , the luminosity ratios may not be. The second conclusion from these studies was that while the number of faint satellites appears to be consistent with that in the Local Group down to an absolute V band magnitude of -14 (Guo et al. 2011a; Lares et al. 2011; Strigari & Wechsler 2011) , on the bright end only 10-20 percent of hosts with Milky Way and Andromeda luminosities host satellites as luminous as the Large and Small Magellanic Clouds (L/SMCs). The rarity of high mass companions is consistent with predictions from ΛCDM simulations, indicating that the Milky Way luminosity function is an outlier on the bright end rather than that there is an issue with the theory. However, a significant discrepancy between theoretical predictions and observation of the satellite luminosity function only begins to appear for satellites with absolute magnitudes fainter than M V > −14. Thus, in order to test whether the missing satellite problem is due to the Milky Way having an anomalous lack of satellites on the faint end, it is necessary to study even fainter satellites.
In addition to providing a key to understanding star formation in low mass halos, and potentially allowing us to constrain the mass of the DM particle, satellite galaxies are believed to have played a significant role in the evolution of the size of the most massive galaxies (M * > 10 10 M ⊙ ) (Boylan-Kolchin et al. 2006; Boylan-Kolchin & Ma 2007; Hopkins et al. 2010) 8 . The role of minor mergers in the evolution in size and mass has been observed in numerous observational studies which used pair counting and assumptions about merger time-scales to estimate the minor merger rate (Le Fèvre et al. 2000; Bell et al. 2006; Patton & Atfield 2008; Bundy et al. 2009; Bezanson et al. 2009; Robaina et al. 2010; Newman et al. 2011; Tal et al. 2011) . Furthermore, measurements of disturbed morphology and color gradients in an elliptical hosts as evidence for recent mergers (Kaviraj et al. 2009; Kaviraj et al. 2011) show that minor merging is a key contributor to low level star formation seen in the outskirts of early-type galaxies. These studies have all been limited to the study of the most massive companions with stellar masses at least ten percent of their host mass, which is ten times higher than the mass ratio between the Milky Way and the LMC. In order to better constrain the effect of minor mergers on the evolution of massive galaxies, it is necessary to push the study of companions at cosmological distances to lower stellar masses (see also Bundy et al. 2007; Naab et al. 2009; Fakhouri et al. 2010 ).
The spatial distribution of satellites about their host galaxies is intimately tied to the luminosity function of those satellite galaxies. Two competing effects contribute to the link between satellite luminosity function and spatial distribution. On the one hand, baryons are thought to play an important role in the preservation of subhalos in the inner regions of the host dark matter halo by steepening the total mass profiles and making 8 But see also Nipoti et al. (2012) them less susceptible to tidal stripping. Numerous hydrodynamical and semi-analytic simulations have found that subhaloes with baryons are more centrally located in the host dark matter halo than pure dark matter subhalos (e.g. Blumenthal et al. 1986; Libeskind et al. 2010; Romano-Díaz et al. 2009; Weinberg et al. 2008; Macciò et al. 2006; Gao et al. 2004) .
At the same time, baryons will also steepen the mass profile of the host, increasing the strength of tidal shock heating of the gas and stars in satellites as they pass near the center of the halo, with the amount of heating and mass loss strongly dependent on the orbits of the satellites (Gnedin et al. 1999; Choi et al. 2009; Boylan-Kolchin & Ma 2007; Dolag et al. 2009 ). D 'Onghia et al. (2010) find that the effects of these interactions in suppressing star formation is stronger for less massive subhalos. For these reasons, the slope of the radial profile of satellites is of key importance to any analysis attempting to recover the physics that governs the interactions between satellites and their host halo and central galaxy.
The radial profile of the number density of satellites has been measured with somewhat contradictory results. Assuming a single power-law model for the projected number density of satellites N as a function of distance from the host, where N (R) ∝ R γ p , Chen (2008) measured γ p = −1.5 ± 0.07 for satellites brighter than M r ∼ −17.5 in SDSS. In a study of SDSS satellites brighter than M g < −21.2, Watson et al. (2010) measured γ p = −1.2 ± 0.1. In Nierenberg et al. (2011) (hereafter N11), we measured the slope of higher redshift satellites up to 5.5 magnitudes fainter than their hosts (on average about M V < −16) to be γ p = −1.0
There are several likely explanations for the discrepancies in these measurements. One possibility is differences in the technique used to separate satellites from background/foreground interlopers. Alternatively the difference in inferred slopes may be due to differences in host masses studied, or differences in the luminosity of the satellites. For example, Watson et al. (2011) measured the radial profile of satellite galaxies brighter than M r < −18 between 7 and 280 kpc as a function of satellite luminosity, and found that the faintest satellites had significantly shallower radial profiles than their more luminous counterparts. Tal et al. (2012) also found fewer faint satellites in groups within 25 kpc for satellites brighter than M g < −22.8. However outside of this region, they found that all satellites followed the same radial profile which was well described by a combined Sersic+NFW profile, mimicking the total mass profile which follows R −1 (Gavazzi et al. 2007; Auger et al. 2010 ) for massive galaxies. In contrast to these studies, Guo et al. (2012) find that for satellites brighter than m r < 22 in SDSS, fainter satellites are more centrally concentrated than bright satellites. Budzynski et al. (2012) also found an excess of fainter satellites in the innermost regions for satellites in groups and clusters.
To make progress on understanding the satellite radial profile, it is necessary to make measurements that take into account systematics such as the host mass and satellite luminosity. In addition, in order to learn about trends in merging rates it is interesting to study evolution in the radial profile. Budzynski et al. (2012) found no significant evolution in the radial profile of satellites in groups and clusters between redshifts 0.15 and 0.4. In this work we extend the measurement of the satellite radial profile to fainter satellites and to higher redshifts.
The angular distribution of satellites also contains information about the effects of anisotropic, filamentary accretion in ΛCDM and the shape of the host dark matter halo. Pure dark matter simulations predict that satellites should be found in an anisotropic distribution which is aligned with the major axis of the host dark matter halo (e.g. Zentner et al. 2005; Zentner 2006; Knebe et al. 2004; Aubert et al. 2004; Faltenbacher et al. 2007 Faltenbacher et al. , 2008 . Thus by studying the orientation of satellite galaxies with respect to the major axis of the host light profile it may be possible to learn about the relative orientation between the stars in the host galaxy and the dark matter halo they reside in. In the Milky Way and Andromeda, satellite galaxies appear in an anisotropic distribution, preferentially aligned with the minor axis of their hosts (e.g. Metz et al. 2009 ). When averaged, however, studies of satellites in SDSS find that satellites are randomly located around late-type galaxies (Bailin et al. 2008; Yegorova et al. 2011 ) and aligned with the major axis of the host light profile for early-type hosts (Brainerd 2005; Agustsson & Brainerd 2010) . The studies of the satellite angular distribution outside of the Local Group have all been limited to relatively bright satellites (within 1-2 magnitudes of the host magnitude), and they have not attempted to measure the relative ellipticity of the satellite angular distribution. As stated above, measuring the angular distribution of fainter satellites is of key interest because several simulations predict that satellites that have very elongated orbits will lose the most gas as they pass through the host galaxy.
Finally, the measurement of the luminosity function and radial profile of satellites at intermediate redshifts can be combined with gravitational lensing studies to constrain star formation efficiency in subhalos (Treu 2010; Kravtsov 2010 , and references therein). Recently low mass subhalos have been detected in mass reconstructions of gravitational lenses (Vegetti et al. 2012 (Vegetti et al. , 2010 McKean et al. 2005; MacLeod et al. 2009 ). By analyzing the probability of detecting satellites of these masses near the lensed images, Vegetti et al. (2012) constrained the low mass end of the mass function of subhalos to have a slope of α = 1.1 +0.6 −0.4 . At present, the combination of gravitational lensing analyses with luminosity function measurements is the only method to directly measure stellar to virial mass ratios for satellites outside of the Local Group.
In this paper we address three questions: 1) What is the spatial distribution and cumulative luminosity function of the satellites of massive galaxies? 2) How does the spatial distribution vary with satellite luminosity? 3) How do these properties vary with host morphology, stellar mass and redshift? We conclude by discussing how our results can be interpreted in the context of ΛCDM.
In N11, we developed a method of modeling and subtracting the host light profile to allow us to detect faint (m sat − m host > 5.5) satellites at intermediate redshifts near early-type host galaxies in the GOODS (Giavalisco et al. 2004) fields. We also introduced a statistical model which we used to simultaneously infer the spatial and angular distribution of satellites along with their numbers. In this work, we expand our analysis to include the satellites of host galaxies selected from the COSMOS ) field which is approximately 20 times larger than the GOODS field although somewhat shallower. This dramatic increase in our sample size allows us to analyze the properties of the radial and angular distribution and the number of satellites, for satellites more than a thousand times fainter than their host galaxies. Furthermore, the greatly increased number of host-satellite systems allows us to analyze these properties in bins of redshift, host morphology, satellite luminosity and host mass. This is of key importance because, as has been discussed, the number and luminosity of satellites are believed to depend strongly on the properties of host galaxies. In order to make our results more easily relatable to theoretical predictions, we select our host samples by stellar mass and luminosity and analyze the number density of the satellite radial profile in units of R 200 in addition to units of the half-width at half-max of the host light profile. This paper is organized as follows: In §2, we describe the images and catalogs used in this analysis. In §3 we discuss the selection and properties of the host galaxy sample. In §4 we briefly review the host modeling and subtraction technique developed in N11. In §5 we present the binned radial and angular profiles of satellites to provide a qualitative sense of the signal. In §6 we review the methodology for a full Bayesian statistical analysis of the data developed in N11 which allows us to use a catalog of object positions and magnitudes to infer the presence of satellites against the homogeneous signal of background/foreground objects. In §7 we discuss the theoretical model of the cumulative number of satellites per host as a function of host luminosity from Busha et al. (2011) which we compare with our measurements. In §8 we explain how we tested our statistical analysis and its limitations. In § 9 we present the results. In § 10 we compare our results with similar studies performed at low redshift. In § 11 we discuss the broader implications of our results. In § 12 we provide a concise summary. The Appendix contains more detailed explanations of many of the methods used in this paper.
Throughout this paper, we assume a flat ΛCDM cosmology with h = 0.7 and Ω m = 0.3. All magnitudes are given in the AB system (Oke 1974 ) unless otherwise stated.
IMAGING AND CATALOGS
To achieve the depth and area required to study satellite properties and their evolution, we use imaging and photometric catalogs taken from the COSMOS survey 9 . In N11 we used the deeper GOODS survey to develop and test our method. However, the GOODS survey is not 9 COSMOS photometric catalogs and surveys are available at http://irsa.ipac.caltech.edu/data/COSMOS/datasets.html sufficiently wide to allow us to perform a binned statistical analysis of the satellite population as a function of host properties as we do in this paper.
The COSMOS field has extensive spectroscopic and photometric ground-based coverage which we use to catalog the redshift, stellar mass and morphology of the host galaxies. Spectroscopic redshift measurements from Lilly et al. (2007) are available for roughly 1/7 of the host galaxies. When spectroscopic measurements are not available we use ground-based photometric redshift measurements from the catalog by Ilbert et al. (2009) , which is the same catalog we use for all stellar mass measurements. Finally for morphological categorization, we use the Cassata et al. (2007) morphological catalog. The Cassata et al. (2007) catalog is created by a computer algorithm which is known to fail in certain cases. For instance, spiral galaxies with large bulges can be misclassified as ellipticals. Thus we visually confirmed all morphological classifications using COSMOS ACS imaging. This resulted in the re-categorization of ∼ 10% of the morphologies of host galaxies.
HOST GALAXY SELECTION
In selecting our host galaxy sample, we had two main goals. The first was to ensure that we selected hosts that maximized our ability to detect neighboring satellites, and the second was to select a host sample that could be easily related to predictions from simulations. In N11, we achieved the first goal by selecting massive early-type host galaxies which had relatively smooth light profiles that made it easy to find nearby companions. However, galaxy morphology is not well reproduced by current simulations (e.g. Hoyle et al. 2011 ), making it difficult to select matching host galaxies from simulations. In contrast, simulations have had success matching the stellar mass function of massive galaxies, to dark matter halos in simulations (Berlind & Weinberg 2002; Zheng et al. 2007; Conroy & Wechsler 2009 ), making a mass-selected host sample more appealing.
To compromise between the two goals, we selected relatively high stellar mass log[M * h /M ⊙ ] > 10.5 host galaxies, as these have well studied stellar masses, redshifts and luminosities, and a greater number of satellites visible down to a fixed apparent magnitude (e.g. Kravtsov 2010; Busha et al. 2011) . We study hosts in a redshift range between 0.1 < z < 0.8. This range allows us to study evolutionary properties while still guaranteeing that we can detect satellites with luminosity contrast from the hosts equivalent to that of the SMC relative to the Milky Way at all redshifts. By doing this, we expect to observe approximately one satellite per host. We exclude z < 0.1 galaxies, which are few and too extended in angular size to analyze in the same way as the more distant sample.
We also required host galaxies to be relatively isolated in order to ensure that they themselves are not satellites of larger central galaxies. This is important for our analysis because we do not want to count objects associated with the larger host as satellites of a smaller galaxy. Using the stellar mass and redshift catalogs, we include only host galaxies which are not within the R 200 of a neighbor that has more than its stellar mass and is at the same redshift within measurement uncertainties.We calculate R 200 given stellar mass using Equation 3 from Dutton et al. (2010) , which provides a by eye fit to the observed and inferred relationships between stellar and halo mass of galaxies as a function of morphology. For early-type galaxies the best fit function is: Although there is uncertainty in the stellar mass estimate and additionally in R 200 , we consider these values to be know with absolute precision for the purposes of our analysis. We tested the effect of uncertain stellar mass on our analysis by doubling masses before calculating R 200 and found no significant impact on our inference result. The final sample has 1901 early-type and 1524 late-type galaxies. The distribution of stellar masses, redshift and absolute r-band magnitudes are shown in Figure 1 .
As discussed in the Introduction, there is theoretical and observational evidence that satellite properties may depend strongly on the properties of host galaxies. In order to study these trends, we divide host galaxies into bins of redshift, morphology and stellar mass when performing our analysis of the satellite population. We choose two bins of stellar mass with 10.5 < log 10 M * h < 11.0 and 11.0 < log 10 M * h < 11.5, and two bins in redshift with 0.1 <z< 0.4 and 0.4 <z< 0.8.
When we analyze the satellite population, we study bins of cumulative magnitude contrast from the host galaxy, such that all satellites have magnitudes brighter than m sat − m host < ∆m. In each bin of ∆m we only study host-satellite systems such that the host is at least ∆m magnitudes brighter than the limiting survey magnitude. This means a different subset of host galaxies is used to study ∆m = 8.0 satellites than ∆m = 2.0 satellites, leading to some variation in host properties within a stellar mass, redshift and morphology bin. In Tables 2 and 3 , we summarize the average stellar mass, redshift and luminosity of the host galaxies used in each ∆m analysis, split into bins of redshift, stellar mass and host morphology. Host galaxies used to study the faintest satellites tend to be at lower redshift than the average in a fixed redshift bin.
DETECTION AND PHOTOMETRY OF CLOSE

NEIGHBORS
In order to study the satellite population, we require an accurate catalog of object positions and magnitudes as close as possible to the host galaxies. Companions of bright galaxies are difficult to study because they are intrinsically faint and often obscured by the host galaxy light. This is a serious issue when attempting to measure the slope of the power law-radial profile of the satellite spatial distribution, as the innermost regions of the system provide the best constraint on the slope. Furthermore, close to the host, the ratio of the number of satellites to background/foreground galaxies is the most favorable. In N11, we developed a method of removing the smooth component of the host galaxy light profile to overcome some of these challenges. This process makes automated object detection much more accurate and reliable near the host galaxy. We use the results to update the COSMOS photometric catalog with newly detected objects, and to replace the photometry for objects that had already been detected near the hosts.
In this section we briefly review the method of host light modelling and subtraction developed in N11 and we discuss the new objects this method allows us to identify. All SExtractor parameters used are listed in Table 4 in the Appendix.
Companion masking and host light subtraction
Host subtraction allows us to accurately identify faint objects near our host galaxies using similar SExtractor (Bertin & Arnouts 1996) parameters to those that were to make the COSMOS photometric catalogs. These parameters were conservative as they were intended to study objects across a large range of angular sizes and morphologies. To ensure that we are able to identify faint objects that the conservative parameters might have otherwise missed, we remove the light from the images in a three step process.
In the first step, we use SExtractor (Bertin & Arnouts 1996) to identify and then mask objects in a small cutout region of 10 R h near the host galaxy, where R h is the second moment of the host galaxy light profile along its major axis (A IMAGE). In this step, we select more 'liberal' SExtractor parameters than are used in the final round of object detection, erring on the side of masking noise, to ensure faint satellites are masked. Two separate rounds of object identification are combined to make the final mask, one which is tuned to detect diffuse objects farther from the central galaxy and the second which is tuned to detect faint compact objects closer to the central galaxy. Finally, we use a two dimensional, elliptical b-spline model to model the masked image and subtract the host light profile. The model we use is similar to that described by Bolton et al. (2005 Bolton et al. ( , 2006 .
Object detection and photometry
We detect objects in the host-subtracted images using SExtractor parameters tuned to match the object detection and photometry that was used to make the COS-MOS catalogs. Appendix B contains a comparison of our photometry and object detection to that of the COSMOS catalogs in a large non host-subtracted field.
In order to test our sensitivity to low surface brightness objects, we simulated faint sources near our hosts with Sersic indices and effective radii and tested our recovery rate and photometric accuracy for these objects after host subtraction. Results of these simulations can be found in Figure 11 in the Appendix. We use the results from these simulations to identify a minimum radius at which we can detect at least 90 percent of simulated satellites with accurate photometry, and define this as the minimum radius at which we study the properties of the satellite population. We find that we can accurately recover satellites with MAG AUTO I 814 < 25.0 as close as 2.5 R h in COSMOS for the majority of hosts with early-type light profiles. This corresponds to a mean distance of 1.
′′ 2 (7 kpc) with a standard deviation of 0. ′′ 7 (3 kpc). The inner detection boundary is slightly higher for host galaxies with M * h > 11.0 and z < 0.4 as these tend to have light profiles that extend above the background further from the host centers. Late-type galaxies have more extended light distributions in addition to spiral arms which are difficult to distinguish from neighboring galaxies, thus we choose a more conservative inner boundary of 4 R h (3±1 arcseconds, 17± 6 kpc) for these hosts. On average, these minimum radii correspond to 0.02 and 0.07 R 200 for early and late-type galaxies respectively.
Properties of Objects Detected in Cutout Regions
In this section we compare the properties of newly detected objects after host light subtraction to the properties of objects already in the COSMOS photometric catalog near the host galaxies. The upper panel of Figure  2 shows the distribution in the contrast in MAG AUTO measurement (δm= m − m h ) 10 between hosts and objects detected within 2.
′′ 5 of the host galaxies. The distributions are compared for objects already in the COS-MOS catalog and newly detected objects. For both types of objects, photometry is performed after host light removal. Newly detected objects are about a magnitude fainter than objects that were already in the COSMOS photometric catalog, with average δm values of 3.22 compared to 4.44 for previously detected objects within the same region, with typical measurement uncertainty of 0.05 mag.
The lower panel of Figure 2 shows the number density of objects as a function of distance from the hosts. The number density of objects in the COSMOS photometric catalogs drops within the inner 1.
′′ 5, while the number density of newly detected objects rises, more than doubling the number of COSMOS detected objects in this region. The sum of the two number density signals increases steadily with decreasing distance from the host galaxy. Thus host subtraction and rigorous measurements of completeness in the innermost regions are necessary for an accurate measurement of the radial profile and number of objects close in projection to the host galaxies.
FIRST LOOK
Before describing our model for the radial and angular profiles of objects near the host galaxies, it is instructive to show these distributions in spatial bins in order to provide a visual representation of the data. However, binning is inherently limited because it requires the averaging of data, thereby losing information. Furthermore it is not conducive to accurate subtraction of fore- Lower : The number density of objects as a function of distance from hosts. Newly detected objects are closer to the hosts than those in the COS-MOS photometric catalog and make a significant contribution to the measurement of object number density within 2 arcseconds from the center of the host. ground/background galaxies over a range of redshifts. Thus we do not perform our analysis on the spatially binned data, but instead use this section to justify our model choices in Section 6.1.
Distance Scaling and Radial Distribution
We scale measured object distances to account for the range of redshift and host mass scales in our sample. A scale relating to the host light profile is the natural choice for the observer as this will vary with host redshift as well as host mass according to the size-mass relation (e.g. Trujillo et al. 2006; Williams et al. 2010) . For this distance scale, we use R h which is AWIN IMAGE from SExtractor . We also perform a parallel study with all distances scaled by R 200 of the host galaxies. Unlike R h , R 200 can be calculated in dark matter only simulations and is thus a better choice when attempting to compare results with simulations. However, estimating R 200 requires multiband photometry and stellar mass modeling which is not always possible, so it is useful to perform this analysis using both distance scalings to see if one choice or the other leads to systematic differences. Figure 3 shows the average number density of objects as a function of distance from the hosts, with distances scaled by R h in the upper panel and R 200 in the lower panel. The behavior is qualitatively similar for both choices of distance scaling; the number density of sources increases as a power-law near the hosts. At large radii, the number density becomes dominated by the isotropic and homogeneous distribution of objects not associated with the hosts, represented by the gray dashed lines.
In Section 6 we describe how we analyze the number density signal by inferring the combined properties of the satellite and background/foreground populations. In Section 9.1, there is a comparison of the results using the two distance scalings. 
Angular Distribution
In Figure 4 we show the angular distribution of objects within 10 R h , plotted for all hosts, early-type hosts and late-type hosts, where θ = 0 is aligned with to the major axes of the host light profiles. This figure only includes host galaxies with axis ratio b/a<0.6, to ensure that the direction of the host major axis is clearly measurable. As background/foreground objects are expected to be distributed isotropically relative to the host galaxy, any anisotropy we observe is caused by correlated structure presumably, in the form of satellites. In this region we expect a significant contribution to the number density to come from satellites, as evidenced by the strong satellite signal within this region in the upper panel of Figure  3 .
Near early-type galaxies, the angular distribution shows a dominant component aligned with θ = 0. A Komogorov-Smirnoff KS test gives a probability of ∼ 10 −8 that the objects near early-type galaxies have a uniform angular distribution. In contrast, the objects near late-type galaxies appear more isotropically with a KS probability of being uniform of a few percent. This simple examination has been done without any effort to remove background/foreground contamination. However, it indicates that the satellites of early and late-type hosts may have different angular distributions relative to their host light profiles. To test this further, we separate satellite populations based on host morphology in our inference of the parameters of the satellite spatial distribution in Section 6.1.
JOINT MODELING OF SATELLITE AND BACKGROUND GALAXY POPULATIONS
In this section we review how we infer the number of satellites and their radial and angular distributions from a catalog of object positions and magnitudes. The basic procedure is to model the observed positions and number density of objects as a combined signal from background/foreground objects and satellite galaxies. These two populations have significantly different spatial distributions; satellite galaxies increase in number near the host galaxies and for early-type galaxies appear preferentially aligned with the major axis, whereas background/foreground objects have a homogeneous and isotropic number density signal. By inferring the properties of the combined signal, and using prior information about the background/foreground objects, we isolate the satellite number density signal.
In Subsection 6.1 we discuss the details of this model for the satellite spatial distribution and in Subsection 6.2 for the background/foreground objects. Theoretical and observational justifications for the model choices, along with a schematic illustrating a possible realization of our model can be found in N11.
6.1. Satellites
Satellite Spatial Distribution
We construct our spatial distribution model to investigate three main components. The first is the slope of the radial profile of the satellite number density. We model the projected satellite radial distribution as a power-law P (R) ∝ R γp . The second two parameters describe the ellipticity and orientation of the angular distribution of satellites relative to the host light profile. We model the satellite angular distribution as elliptical with axis ratio q s between its major and minor axes and with an orientation, |φ| of its major axis relative to the major axis of the host light profile |φ| is allowed to vary between 0 and 90 degrees, where 0 indicates alignment with the major axis of the host light profile.
Given these parameters, the probability of finding a satel- -The average number of objects at angle |θ| from the major axis of the host light profile, within 10 R h , for hosts with elongation (b/a) less than 0.6. The distribution of objects near early-type hosts is more aligned with the host light profile than the distribution of objects near late-type hosts.
lite at a position (R, θ) is given by:
The normalization of the angular part of this distribution is given by a generalized elliptical integral.
For some of the host galaxies such as face-on spirals and very symmetric early-types, the orientation of the host major axis is not well defined. To account for this in our inference, we infer the relative flattening between satellites and host galaxies.
Defining the ellipticity of the satellite population to be:
We relate the ellipticity of the host light profile to the ellipticity of the satellite angular distribution via the parameter A:
The parameter A can be understood as follows: when A is zero, satellites are always distributed isotropically around host galaxies, regardless of how flattened the host light profiles are. When A is one, the satellite population follows an ellipse with the same elongation as the central light profiles, as A goes to infinity, the distribution approaches a straight line. In this work, we only examine whether the satellite angular distribution is rounder or flatter than the host light profile, so we restrict our inference to values of A between zero and two.
Number of Satellites per Host
To ensure completeness, we study the satellite population brighter than a fixed magnitude contrast from the host galaxies m obj − m h < ∆m, where the host galaxies in a ∆m bin are all at least ∆m brighter than the background. We model the number of satellites N s in a given ∆m bin, between R min < R sat < R max as constant for all hosts in that bin.
Both R min and R max are chosen based on observational considerations. R min is the limit where accurate satellite detection is possible given host light subtraction, as described in Section 4. R max is the limit where a satellite signal is apparent above the background in Figure 3 , which is 45 R h for early and late-type galaxies. These outer limits correspond on average to 0.5 and 1.0 R 200 for early and late-type galaxies. We use these average values for R max when performing the inference in units of R 200 .
Background/Foreground Objects
We model the background/foreground number density signal around each host as a homogeneous, isotropic signal, with mean surface density Σ b with magnitudes brighter than the field magnitude limits (I 814 < 25.0). We inform our inference of Σ b by measuring the local background around each of our hosts and using the mean and standard deviation of this distribution to create a prior.
We follow the method recommended by Chen et al. (2006) of estimating the local background around our host galaxies (rather than taking the field average) in order to accurately measure Σ b . This is important for removing correlated line of sight structure which is not within the virial radii of the host galaxies. In N11, we measured the background between 45 and 70 R h , where no significant satellite signal was apparent. For consistency, in this analysis, we estimate the background in the same region when scaling distances by R h . When performing the analysis in units of R 200 , we calculate the background between 1.0 and 1.5 R 200 , following the simulation results from Liu et al. (2011) .
Various studies have shown that the local projected number density of objects is correlated with host stellar mass and morphology. To account for this, we measure the mean and standard deviations separately for each data set that we run the inference on and use this local background information as a prior when inferring the properties of the satellite distribution.
For a given value of ∆m and host galaxy magnitude, m h , only a fraction of the total number of background/foreground objects will appear in our analysis. To calculate this fraction, we model the cumulative distribution function (CDF) of the background number counts by a power-law (e.g. Benítez et al. 2004) . Defining Σ b,o as the background density measured for all objects with magnitudes brighter than the limiting survey magnitude m lim , the number density of background/foreground objects around the j th host is given by:
We measure the background slope to be 0.305±0.005 near low mass early and late-type galaxies and 0.300 ± 0.005 near high mass host galaxies.
THEORETICAL PREDICTION FOR THE NUMBER OF SATELLITES PER HOST
Our choice to model the number of satellites as being constant for all hosts within a fixed magnitude contrast from the host magnitude is a simplification of a more complicated picture. Dark matter only simulations predict that dark matter halos should host an approximately constant number of dark matter subhalos with a given dark matter mass fraction of the host halo, regardless of the host halo mass (Kravtsov 2010 , and references therein). This scale-invariance relates in a non-trivial way to our chosen observable which is the number of satellites we expect to see within a fixed magnitude contrast from from host halo. This is due to the non-linearity of the stellar-mass to halo-mass relationship for hosts with M * h > 10 10 M ⊙ as can be seen, for example, in Behroozi et al. (2010) .
In recent work, Busha et al. (2011) (hereafter B11) modeled the number of satellites per ∆m m bin as a function of host luminosity using SubHalo Abundance Matching (SHAM) techniques (Kravtsov et al. 2004; Behroozi et al. 2010) , to connect dark-matter halos in the Bolshoi simulations, Trujillo-Gomez et al. 2011 ) to the r-band luminosity function of galaxies. In order to properly mimic the observational selection function in this work, we have reproduced the measurements of B11 using the luminosity function from the AGES simulations (Cool et al 2012) as applied to the Bolshoi halo catalog at the appropriate redshift.
To test how the inference method responded to the nonPoissonian distribution of satellites predicted by theory we ran simulations using the distribution of host luminosities in our sample to generate the number of satellites per host based on Equation 8 from B11. Spatial positions for satellites and background/foreground objects were drawn stochastically from the model described in Section 6. As desired, our inference accurately returned the mean number of satellites per host along with the other input parameters in the simulations. 
ANALYSIS
In N11, we provide details for the construction of the posterior probability distribution function (PDF) which allows us to infer values for the parameters of our model given the data and prior knowledge of the background listed in Table 1 . For each parameter in each subset of the data listed in Tables 2 and 3 , we compute the posterior PDF using a Markov Chain Monte Carlo (MCMC) method. At least 10 4 iterations per chain are performed in order to ensure convergence.
To study variation with host properties, satellites are analyzed in bins of 'high' and 'low' host stellar mass corresponding to 10.5 < log 10 [M * h /M ⊙] < 11.0, 11.0 < log 10 [M * h /M ⊙] < 11.5, as well as 'low' and 'high' host redshift corresponding to 0.1 < z < 0.4 and 0.4 < z < 0.8 and early and late-type host galaxies. Every bin in ∆m is analyzed separately for each bin in host morphology, redshift and stellar mass, using an appropriate prior on Σ b,o estimated using the local background for that subset of host galaxies.
In order to combine results from different data sets, we bin the posterior PDFs for the parameters of interest and multiply them together. When data sets were analyzed in different regions around the host, we first re-normalize the inferred satellite numbers using the posterior median values of γ p and N s to account for the differences in examined areas, before combining the posteriors. We tested our inference by running simulations with varying background and satellite properties. We find that in order to accurately infer the radial profile γ p we need a minimum of 50 host galaxies and at least 20 satellites. The first requirement guarantees that the inference has an adequate estimate of the background density, and the second that there is a sufficient satellite signal. Inferring the angular distribution of satellites is more difficult as this requires two dimensions of information. We find that at least 50 satellites are necessary to recover A and |φ|. Furthermore, the inference on |φ| becomes inaccurate for values of A less than 0.5, thus we do not report confidence intervals of |φ| where the posterior favors values of A less than 0.5.
RESULTS
We divide this section into the three characteristics of the satellite population that our inference constrains, namely the radial and angular distribution of satellites as well as the cumulative luminosity function. For each characteristic we discuss variation with host morphology redshift and stellar mass as well as with satellite luminosity by comparing results in high and low redshift and stellar mass bins as well as in bins of host morphology, as discussed in Section 8. Summaries of the inference results for each subsample Tables 2 and 3 in the Appendix. To show typical results, Appendix D contains the full bivariate posterior PDFs for all model parameters for high mass, early and late-type hosts for the ∆m = 4.0 bin.
Radial Distribution
In Figure 5 we show the inferred value of the projected slope of the radial profile of the satellite number density as a function of ∆m, divided by host morphology, stellar mass and redshift. We further compare these results when distances are scaled by R h and by R 200 . This figure contains several important results. The first is that there is a significant detection of a population of objects with a power-law radial distribution up to 6.5 magnitudes fainter than low redshift hosts, and 5.5 magnitudes fainter than high redshift hosts. Using the average luminosity of the host galaxies in each of those data sets, this corresponds to approximate absolute r band magnitudes of -16.1 and -17.4, respectively. The former is about one magnitude brighter than Sagittarius, the latter is similar to the absolute magnitude of the present day SMC.
Second, there is no significant difference in the inference of γ p when distances are scaled by R h or by R 200 . This is remarkable given the number of assumptions that go into estimating the virial mass given the stellar mass, and is a very useful result for comparisons between theoretical and observational work for future satellite surveys where accurate host stellar masses are not available. For simplicity, for the remainder of the paper we discuss results only for distances scaled by R 200 . Results for both distance scalings are listed in Tables are listed in Tables 2  and 3 in the Appendix. Third, there is no significant variation in γ p as ∆m varies with fixed host properties over ranges as large as 5.5 magnitudes. This is consistent with the physical processes governing the satellite luminosity function being not spatially related to the host galaxy over this fairly large luminosity range within the distance scales we study, given our measurement uncertainties.
The average values of γ p for host galaxies of all morphologies are: −1.1 ± 0.1, −1.3 ± 0.4, −1.2 ± 0.1 and −1.0 ± 0.1 for satellites of low mass-low redshift hosts, high masslow redshift hosts, low mass-high redshift hosts and high mass-high redshift hosts respectively.
Individual subsets of host morphology do not show any significant deviation from these values.
11 As there are no significant differences in the results for these samples, we argue that the satellite population can be well described by a power law with γ p = −1.1 ± 0.3 within the level of precision afforded by our data.
Angular Distribution
The satellites of early and late-type galaxies display markedly different angular distributions where the sample of satellites and host galaxies is large enough to allow an inference on the parameters on the angular distribution. As an example, in Figure 6 we show the two dimensional bivariate posterior distributions for the parameters A and |φ| for satellites with ∆m < 4 for early and latetype hosts with 0.4 < z < 0.8 and 11.0 <Log[M * ]< 11.5. The results for this subsample which are representative of all non-uniform posterior PDFs. One sided confidence intervals for A and |φ| for other non-uniform subsamples are listed in Tables 2 and 3 . Satellites of early-type galaxies show strong anisotropy, with the most likely value of A at 2 and A > 0.9 at a 68% confidence level. This indicates that the angular distribution of satellites is more flattened than the light profiles of the early-type galaxies. Furthermore, the satellites of early-type galaxies, are found preferentially along the major axis of the host light profiles. The offset, |φ| has a most likely value of 0 and is less than 20 degrees at a 68% confidence level.
In contrast, the average angular distribution of the satellites of late-type galaxies is consistent with being isotropic relative to the host disks, with A having a most likely value of 0 and A < 1.1 at a 68% confidence level. As discussed in Section 8, the inference on |φ| is unreliable for small values of A as |φ| has decreasing influence on the likelihood function for small values of A.
There is a concern with regards to describing the ellipticity of the angular distribution of satellites as a fraction, A, of the host ellipticity (see Equation 5 ). Namely, latetype galaxies are much more elongated than early-type galaxies but there is no reason to expect the satellites to reflect this. It may be that the satellites of latetype galaxies have anisotropic distributions on average but that the flattening of their distribution is less than the extreme flattening of the disks, making them look isotropic in comparison. To test whether the inferred isotropy is due to the extreme flattening of late-type hosts, we re-ran the inference on late-type hosts, this time artificially changing any late-type axis ratio b/a to 0.6 that was previously flatter than 0.6. We found that the posterior PDF still favored A = 0. However, the inference on the angular distribution for late-type hosts is difficult due to the large region obscured by spiral arms.
To try to maximize the signal to noise, we performed a combined inference on late-type hosts of all redshifts and stellar masses. In this case, there was evidence for slight anisotropy, with satellites aligned with the galactic disk. Thus, an analysis of the satellites of late-type hosts with a large data set is warranted before any strong conclusions are reached.
Cumulative Luminosity Function
We detect a significant population of satellites as faint as 6.5 magnitudes fainter than their host galaxies. Results for the inferred number of satellites per host as a function of maximum contrast between host and satellite magnitude (m host − m sat < ∆ m ) can be found in Tables 2 and 3 . A dominant uncertainty in this analysis is caused by the covariance between γ p and N s as can be seen in Figure 12 ; the same total number of objects can be achieved if there are more satellites following a shallower radial profile or if there are fewer satellites with a very steep radial profile, and more background objects. We alleviate this degeneracy by performing the inference a second time, using a Gaussian prior on γ p from the results in Section 9.1. Given that γ p showed no significant variation given measurement uncertainties as a function of satellite magnitude, host redshift or host morphology (see Section 9.1) we apply the same Gaussian prior on γ p to all data sets, with mean −1.1 and standard deviation of 0.3.
Results for the inferred number of satellites using the prior are consistent with results without the prior and are listed in Tables 2 and 3 The prior on γ p allows for a significant detection of satellites up to 8 magnitudes, or more than a thousand times fainter than their host galaxies for the low reshift host sample. Using the average absolute r band magnitude of hosts, this corresponds to satellites with M r ∼ −13.5/ − 14.7 for low and high mass host samples respectively, and is similar to the absolute magnitude of Fornax. The range of ∆m does not change for the higher redshift sample but the average measurement uncertainty is decreased.
In Figure 7 we plot the number of satellites per host, N s , in increasing bins of ∆m, for varying host morphologies, stellar masses and redshifts between 0.07 and 1.0 R 200 (∼ 17 − 200 kpc). The points for 'All' morphology hosts come from binning and multiplying the posterior PDFs of the early and late-type hosts 12 . We always combine the posteriors even when the inference on the late-type host galaxies is not sufficiently determined to plot (i.e. for ∆m > 4 for more massive, high redshift late-type hosts). The satellite CLF is a fairly constant power-law with slope approximately N (L) ∝ L −0.5±0.1 . There is a slight upward shift in the normalization for satellites with ∆m > 6.5, which is attributable in part to the slight increase in average host stellar masses for these bins (see Tables 2 and 3 ). We leave a more detailed unbinned analysis of the satellite luminosity function to a future paper.
There is a strong dependence between early-type host 12 This is valid as these data sets are independent. The product of the two posterior PDFs can be viewed as a measurement of the number of satellites per host for the entire sample stellar mass and number of satellites within a fixed value of ∆m. The dependence on stellar mass is less apparent for late-type host galaxies, with the more massive hosts having barely more satellites on average than less massive host galaxies despite the fact that the low and high mass late-type hosts have the same average stellar masses as the low and high mass early-type hosts. While there is a large difference between the number of satellites of the more massive early and late-type hosts, the numbers are the same for less massive hosts.
Figure 7 also shows the B11 theoretical prediction for the mean number of satellites given the distribution of host luminosities in each sub-sample. The dotted line represents an extrapolation of the theoretical model, to luminosities where the simulation used begins to suffer from incompleteness effects. The theoretical model is in excellent agreement with observation for objects with 0.1 < z < 0.4, while it tends to underpredict the abundance of satellites of higher redshift objects (although the slopes remains in good agreement). It should be noted, however, that the luminosity function used in the model in the range 0.4 < z < 0.8 suffers from significant observational uncertainties. Such uncertainties directly impact halo occupation in non-trivial ways, since parameters such as M * and φ * have a significant impart on the mass-luminosity relation for massive objects. Additionally, we assumed a fixed scatter in the mass-luminosity relation of 0.16 dex, which has been shown to be in good agreement with z = 0.1 galaxies (Behroozi et al 2010) , but has yet to be explored at higher redshift. A full exploration of the theoretical uncertainties relating to this prediction is beyond the scope of the current paper and is left for future studies.
As expected, subhalo abundance matching predictions which are constructed without taking host morphology into account cannot capture the morphological dependencies. A possible explanation for the variations is given by the morphology-density relation (Dressler 1980; Postman & Geller 1984; Treu et al. 2003) , in the sense that at fixed luminosity, early-types tend to reside in denser environments and have more massive dark matter halos than late-types. This in turn might affect the properties of luminous satellites and points to limitations of the present SHAM models.
COMPARISON WITH PREVIOUS WORK
We can make several comparisons between our work and low-redshift studies of the satellite population. To start, our inference on γ p = −1.1 ± 0.3 is consistent with results from the low redshift SDSS study of LRGs by Watson et al. (2010) and of satellites with luminosities similar to that of the LMC (Tollerud et al. 2011) . It is slightly shallower, even though marginally consistent, than what was measured by Chen (2008) . Given uncertainties in the scale radii of host galaxies, we are unable to determine whether our result is consistent with NFW as was observed by Guo et al. (2012) . Our result is consistent with our previous work (N11), in which we studied the satellites of early-type galaxies from the GOODS fields.
In contrast to Watson et al. (2011) , we do not find a significant trend between ∆m and γ p over the 5 magnitudes in ∆m that we studied. While Watson et al. (2011) measured the satellite radial profile changing from γ p ∼ −2 for satellites with M r = −21 to γ p ∼ −1 for satellites with M r = −18.5. The closest matching data-set in this study is the low-redshift, high-mass sample, for which we infer γ p = −0.7 +0.4 −0.6 for ∆m = 1.5 satellites (which is approximately M r ∼ −21) and −1.7 +0.6 −0.9 for ∆m = 4.5 satellites (approximately M r ∼ −18.5). The difference may be due to the fact that our enhanced detection technique allows us to detect a significant new population of faint satellites which would have otherwise remained obscured, causing the radial profile to appear to be flatter. Given our measurement uncertainties we cannot rule out a small increase in the concentration of fainter satellites towards the center as was observed by Tal et al. (2011) and Guo et al. (2012) .
The dependence of the satellite angular distribution on host morphology is consistent with numerous previous low-redshift studies of bright satellites (Bailin et al. 2008; Brainerd 2005; Agustsson & Brainerd 2010) , which also found that satellites of early-type hosts tend to be found along the major axis of the host light profiles. Furthermore, these works found no significant anisotropy in the angular distribution for the satellites of late-type hosts (see also Yegorova et al. 2011 ).
The satellite numbers we measure for lower redshift hosts are consistent with the results from low redshift SDSS studies of hosts with similar masses. In Figure 8 , we compare the number of satellites of low mass, low redshift host galaxies to the number in the Early Hosts All Hosts Fig. 7. -The cumulative number of satellites per host between 0.07 and 1 R 200 as a function of the magnitude contrast between host and satellite galaxies, plotted for different samples of host redshift, stellar mass and morphology. Purple squares, red circles and blue diamonds represent all, early and late-type hosts respectively. The gray solid and dashed lines are theoretical predictions for the satellites of high and low mass host galaxy samples respectively. Thin dotted lines indicate an extrapolation of the theoretical prediction which was made for satellites brighter than Mr < −17. Note that the mean host stellar mass and redshift within each bin shifts slightly towards higher masses and lower redshifts starting at ∆m = 6 (see Tables 2 and 3) . .
Milky Way and near other low mass, low redshift host galaxies by Guo et al. (2011a) , Liu et al. (2011) , and Strigari & Wechsler (2011) . The Milky Way has an absolute magnitude of M r ∼ −21.2, which is slightly lower than the typical host luminosity in the low stellar mass, low redshift data set in this sample (M r ∼ −21.6). However we expect some passive evolution in the stellar mass to light ratio of order one between redshifts 0.8 and 0.1 (e.g. Treu et al. 2005) , which would make the average luminosity approximately -21.3 at present day. Furthermore, the typical stellar mass in the low mass, low redshift subset of galaxies is log 10 [M * h /M ⊙] ∼ 10.7 which is equivalent to the stellar mass of the Milky Way within measurement uncertainties (McMillan 2011) . Thus the hosts are approximate Milky Way analogs at redshift 0.3.
In Figure 8 , we also plot two theoretical predictions. The B11 subhalo abundance matching is identical to that plotted in the corresponding panel in Figure 7 . The second shows the 10-90 percent tails of the predicted satellite distribution from Guo et al. (2011b) semi-analytic models of galaxy formation applied to the Millennium and Millennium II simulations (Springel et al. 2005; Boylan-Kolchin et al. 2009 ).
At all comparable magnitudes our inferred number of satellites is consistent with that measured by Guo et al. (2011a) , Liu et al. (2011) and Strigari & Wechsler (2011) . At the bright end, there are on average fewer satellites per host than what is observed in the Milky Way. The infrequent presence of Magellanic Cloudequivalent satellites (∆m = 2.0) of Milky Way mass hosts has been noted in numerous surveys before this (Guo et al. 2011a; Lares et al. 2011; Liu et al. 2011) . We are able to measure the satellite number down to 8 magnitudes fainter than the host galaxies and corresponds to an average r band luminosity of about -13.3 which is similar to the Fornax satellite. At the faint magnitudes the satellite numbers fall just under the upper limits from Strigari & Wechsler (2011) and the slope of the luminosity function is consistent with that at brighter satellite magnitudes.
At higher redshifts, Newman et al. (2011) measured the pair fraction of galaxies ∆m < 2.5 between redshifts 0.4 and 2. Scaled to the same region as our study, they found N s = 0.48 ± 0.09. This number is somewhat higher than our measurement for low-mass host galaxies which had 0.14 ± 0.1 in the same region. This discrepancy is likely due to the fact that the authors used global rather than local background subtraction, meaning they estimated the average background across the entire field. This leads to a lower estimate of the number density of background objects than local background estimation as it does not take into account the filamentary clustering of galaxies. The authors estimate that using local rather than global background estimation increases their pair fraction by a factor of two relative to local background techniques, which brings the results into agreement (0.24 ± 0.05 compared to our measurement of 0.14 ± 0.1). The authors observed no significant evolution in the pair fraction in the redshift interval they studied.
In Figure 9 we show the satellite CLF for varying host luminosities and redshifts. For comparison, we include Guo et al. (2011b) represents the 10 and 90 percentiles of the satellite probability distribution. Lowmass, low-redshift hosts in this work have a mean redshift of 0.3 and < Mr >∼ −21.6 which is brighter than the present day Milky Way. However, accounting for passive evolution of roughly one magnitude from redshift one to present, these galaxies represent approximate Milky Way analogs at redshift 0.3. The upper x-axis is shifted to the left by 0.4 mags for these hosts.
the measurement of intermediate luminosity hosts from Guo et al. (2011a) at redshift 0.1 along with the theoretical prediction from B11 for redshift 0.3 hosts . This figure highlights the the strong dependence of the number of satellites per host on the host stellar mass and luminosity. At the same time, there is no significant redshift evolution in the number of satellites. This highlights the important of selecting constant host mass samples when attempting to study trends in the satellite population.
As shown by the curves, theoretical predictions using the techniques of B11 match our inferred satellite numbers well for the sample of 'All' morphology hosts at z = 0.3, as discussed above.
DISCUSSION
In the Introduction we discussed a large number of physical processes that can be tested by the spatial distribution and number of satellite galaxies. These processes can broadly be divided into three sets. First how satellites are affected by interactions with their host galaxies, second how host galaxies are affected by satellites, and third how our observations fit into the framework of ΛCDM.
In terms of the first question, we see no evidence for strong physical interaction between satellite galaxies and central host galaxies on the distance scales we study (∼ 10 − 250 kpc). This is evidenced by the lack of any kind of trend in the steepness of the radial profile of the satellite number density as a function of host redshift, stellar mass, or morphology or as a function of satellite luminosity. In a future paper, we will allow the slope of the radial profile to vary with distance from the host galaxies to allow us to compare the profile with NFW. We see evidence that the satellite angular distribution follows the host mass profile. Assuming that the satellite number density follows the dark matter halo, our result indicates that early-type host galaxies have light profiles that are aligned with their dark matter halos. The alignment for satellites of disk galaxies is weaker indicating that disk galaxies may be less aligned with their dark matter halos. This interpretation of morphologically dependent galaxy-halo alignment is consistent with results from weak lensing (Mandelbaum et al. 2006) , and recent theoretical modeling of disk galaxy formation (Deason et al. 2011) . The fact that satellites of early-type hosts appear in elliptical distributions which are more flattened than the host galaxy light profile may indicate that the extended dark matter halo is more elongated than the galaxy light profile at the center. Several simulations show that baryons can have a dissipational effect on the central dark matter halo, causing it to be more isotropic than it would have been in absence of baryons (Dubinski 1994; Kazantzidis et al. 2010) .
With respect to the second question, the constant radial distribution and number of satellites over time indicate a constant accretion of satellites for all host galaxies between redshifts 0.8 and 0.1 for satellites brighter than ∆m < 5.5. Newman et al. (2011) observed no evolution for bright ∆m < 2.4 pairs between 0.4 and 2.0. The combination of these results indicate that the number of satellites per host has been in equilibrium for at least half the age of the universe. From this we expect that host galaxies have been accreting stellar mass at a fairly constant rate over this time. Newman et al. (2011) estimate that the added stellar mass from the bright pairs is roughly ∼ 6% per Gyr.
The strong dependence on host mass in the normalization of the satellites of early-type galaxies within a fixed bin of ∆m reflects the non-linear relationship between host stellar mass and halo mass. The fact that latetype hosts do not show a significant corresponding trend may indicate the effects of environment. As discussed above, from the morphology-density relation, early-type hosts are more likely to be found in groups, while latetype hosts exist in more isolated environments. This suggests that dark matter halo mass-luminosity relation may also be dependent on environment, something that has been largely ignored in most theoretical models. The relationship between host mass and satellite numbers is fundamental to the missing satellite problem, as clusters of galaxies have satellite numbers similar to what is predicted by ΛCDM while isolated field galaxies do not (Kravtsov 2010; Klypin et al. 1999 ).
Gravitational lensing is currently the only viable method of measuring the halo mass of satellite galaxies outside of the Local Group. Dalal & Kochanek (2002) used flux ratio anomalies in five quadruply-lensed quasars to estimate the fraction of dark matter in satellite galaxies to be between 0.6 and 7 % near the lensed images, demonstrating the potential of this technique to test the smallest mass scales of ΛCDM at cosmological distances. More recently, Vegetti et al. (2010 Vegetti et al. ( , 2012 used reconstructions of the mass profile of lens galaxies to detect low mass sub-halos near the lensing galaxies. From this Vegetti et al. (2012) We can use the results from this work to make an estimate of the fraction of satellites we would expect near massive, intermediate redshift, early-type galaxies (typical of lenses). Assuming a typical Einstein radius of ∼ 1", we expect roughly 5 % of the more massive, earlytype host galaxies in our sample to host a satellite with ∆m > 7.5, indicating an average mass fraction in satellite galaxies of a few percent in this region, on average. As discussed in the Introduction, the most massive subhalos are stripped of dark matter in the inner regions of the host halo. The discrepancy between simulation results and observation may therefore indicate the importance of baryons in the preservation of the most massive satellites close to the central galaxy.
Finally, the detection of significant anisotropy in the satellite angular distribution has important implications for using flux-ratio anomalies to detect satellites. The anisotropy increases the line of sight mass between a lensed image and the host galaxy, effectively making the host galaxy more massive in a particular direction by up to a factor of 6 (Zentner 2006) . In a future paper, we will perform a detailed study of the predicted flux ratio anomalies caused by luminous satellites using the results from this work.
SUMMARY
We employ the host light subtraction method developed in N11 to study the satellites of 3425 host galaxies selected from the COSMOS field. The depth of the ACS images allows us to measure the satellite luminosity function more than one thousand times fainter than host galaxies at low redshift, while the combination of host light subtraction and high resolution images allows us to accurately detect faint sources as close as 0.3 (1.4) arcseconds (kpc) to host galaxies. Using the large volume of the COSMOS field, we examine trends in the satellite radial distribution, angular distribution and luminosity function. We further examine how these trends vary with redshift, host stellar mass and host morphology. Our main results can be summarized as follows:
1. The number density of satellites of all host galaxies in the sample is well-described by a power-law P (R) ∝ R γp with γ p = −1.1
There is no significant deviation from this as a function of host morphology, stellar mass or redshift. Furthermore, there is no evidence for variation in γ p with satellite luminosity.
2. The inference results are the same when satellite distances are scaled by the half-width at half-max of the host galaxy light profile (R h ) or by R 200 determined from the host stellar masses.
3. Satellites of early-type hosts, follow angular distributions which show strong alignment with the major axis of the host light profile, and fall in an ellipse that is more flattened than the host light profiles. In contrast, the satellites of late-type hosts do not show strong anisotropy.
4. The satellite cumulative luminosity function (CLF) is a power-law with faint end slope approximately
5. The satellite CLF of early-type galaxies shows a strong mass dependence in the normalization, with more massive early-type hosts having significantly more satellites than less massive early-type hosts. A similar trend is not apparent for late-type host galaxies. This likely reflects the fact that massive early-type hosts are more likely to be found in groups and exist in more massive dark matter halos than their late-type counterparts. This highlights the mass dependence of the satellite luminosity function which is fundamental to the missing satellite problem.
6. There is no significant evolution evident in the CLFs of satellites between redshift bins of median 0.6 to median 0.3. Satellite numbers from the redshift interval 0.1-0.4 are consistent with lower redshift studies (z < 0.1) of the satellites of host galaxies with equivalent masses. 7. Predictions from subhalo abundance matching broadly agree with the measured satellite numbers when host morphology is not considered. However, the theoretical predictions were not created to match trends with host morphology. We find that such models systematically overpredict the abundance of satellites surrounding massive late-type hosts, and underpredict the abundance around early-type hosts. As the observations show smaller differences for the satellite abundance around lower mass hosts (10.5 < log[M * h /M ⊙] < 11.0), the theoretical model tends to have smaller discrepancies. Additionally, agreement is better at lower redshifts (z ∼ 0.3) then for higher redshifts (z ∼ 0.6). As discussed, this is likely due to errors in the model predictions, due to uncertainties in the luminosity function and scatter in the mass-luminosity relation at these higher redshifts.
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APPENDIX
HOST GALAXY PROPERTIES AND INFERENCE RESULTS
SOURCE EXTRACTOR PARAMETERS AND PHOTOMETRY COMPARISON
After removing host galaxy light from cutout images, we run SExtractor on the residual image to identify remaining objects. In this step we use SExtractor parameters tuned to match the photometry and completeness of the COSMOS photometric catalog. We could not directly the parameters listed by the COSMOS team, as their photometry was performed on images with 0.. ′′ 03 resolution pixels while at the time of this work, the publicly available images had 0.
′′ 05 pixels.
To check the effects of using different SExtractor parameters and pixel scales, we compare our completeness and photometry to that of the COSMOS photometric catalog in a 4 arcmin 2 cutout of the COSMOS field. In this area, we detect 817 objects with I-band MAG AUTO<25. Of the 817 objects we identified, 792 have matches in the COSMOS photometric catalog to the same depth and within half an arcsecond. In Figure 10 , we compare the MAG AUTO output from SExtractor to the values in the COSMOS photometric catalog for matching objects. The mean difference in the MAG AUTO estimate is (−2.53 ± 51) × 10 −3 . The major outliers in the MAG AUTO comparison are all in areas of high object density and thus most likely due to differences in deblending. 
7.0 18 10.9 ± 0.1 0.18 ± 0.05 −21.7 ± 0.5
7.5 5 10.9 ± 0.1 0.13 ± 0.03 −21.5 ± 0.4 A full list of our SExtractor parameters is given in Table 4   17  18  19  20  21  22  23  24 
COMPLETENESS
To estimate our sensitivity to low surface brightness companions to host galaxies, we simulate dwarf galaxy-like objects in the ACS images with Sersic profiles given by de Rijcke et al. (2009) at a range of redshifts representative of the redshift range studied in this work. We then perform the host subtraction routine and estimate the fraction of objects we recover and the output magnitude relative to the input magnitude. The results of these simulations are shown in Figure 11 . For comparison we also show the results without host subtraction but with object detection performed using the same final SExtractor parameters as are used in the host-subtracted case.
We choose the minimum radius at which we search for satellites where completeness begins to drop below 90% for early-type hosts. For late-type hosts, the minimum radius is chosen to ensure spiral arms are excluded from the analysis. Images after host subtraction are checked for every host to ensure that these minimum radii exclude spiral arms or extended residuals from disk structure (see N11). Red solid and blue dot-dashed vertical lines show the imposed minimum radii at which we study the satellite population for early and late-type galaxies respectively. On the left, the horizontal black line indicates that the input and output magnitudes are the same. On the right the horizontal line indicates 90% completeness. Host subtraction is essential both for photometric accuracy and for completeness at small radii. 
